, respectively. High bimolecular constants and fluorescence quantum yield of 1-HP (0.66) permitted detection as low as 21 nM of H 2 O 2 . To optimize the detection system 1-HP oxidation was modeled at steady-state conditions in the range pH 5.0 to pH 8.0. The 1-HP based detection system was compared with the Amplex Red system. The peroxidase-catalyzed 1-HP oxidation system was used for determination of ozone in the air.
Introduction
Recent discoveries show that "ordinary" inorganic metabolites like nitric oxide (NO), carbon monoxide (CO) or hydrogen peroxide (H 2 O 2 ) play a more complex role in living cells than just as electron donor or acceptor [1, 2] . The inflammatory cells such as macrophages and neutrophils release hydrogen peroxide, which can be detected in exhaled breath condensate (EBC) [3] . Elevated levels of H 2 O 2 have been found in a number of respiratory disorders, including cystic fibrosis, chronic obstructive pulmonary disorder and asthma. Hydrogen peroxide is considered to be a possible biomarker of renal function [4] . Hydrogen peroxide is one of the most stable forms of reactive oxygen species (ROS) therefore certain detection methods may allow the observa tion of oxidation processes in real time, and under certain conditions might be a valuable biomarker of oxidative stress [4] .
Many chemical and biochemical methods are built for hydrogen peroxide determination [5] [6] [7] [8] . The sensitivity of these methods, however, is small in comparison, for example, of hydrogen peroxide concentration in EBC that is less than 1 micromole per liter [9] . Amplex Red is a reagent that enables the fluorimetric determination of trace hydrogen peroxide [10, 11] . An amperometric flowthrough system using horseradish peroxidase (HRP) and Amplex Red (AR) as a mediator was demonstrated for the detection of nanomolar concentrations of hydrogen peroxide very recently [9] .
The basis of our method is peroxidase-catalyzed oxidation with H 2 O 2 . Peroxidase (E) is oxidized by hydrogen peroxide (H 2 О 2 ) and in turn oxidizes a broad range of substrates (AH 2 ) to radicals (AH • ) via the intermediates compound I (cpd I) and compound II (cpd II) (eq. 1-3) [12] :
R. Ivanec-Goranina, J. Kulys Figure 2 . Oxidation of non-fluorescent Amplex Red into highly fluorescent resorufin using hydrogen peroxide and peroxidase [30] . 
The task of our investigation was to develop a fluorescence method to detect nanomolar concentrations of hydrogen peroxide using recombinant Coprinus cinereus peroxidase (rCiP) and 1-hydroxypyrene (1-HP; Figure 1 ) as a helpful fluorescent substrate. Pyrene derivatives are highly fluorescent molecules [13] . A fungal peroxidase from Coprinus cinereus (CiP; identical to Arthromyces ramosus peroxidase), has attained much attention because of its relatively simple production, high specific activity, and broad substrate specificity similar to that of the HRP [14] . The mutants of recombinant CiP (rCiP) demonstrate an elevated stability compared with CiP [15] . For these reasons rCiP was selected for our study and HRP was used for comparison. 
Experimental Procedures

Enzymes and substrates
Recombinant Coprinus cinereus peroxidase (rCiP) and Aspergillus niger catalase (Cat) was received from "Novozymes A/S" (Copenhagen, Denmark). Horseradish peroxidase (HRP) was obtained from Boehringer Mannheim (Germany). 1-hydroxypyrene (1-HP; Figure 1 ) was a product of Aldrich (Germany), N-acetyl-3.7-dihydroxyphenoxazine (Amplex Red, AR; Figure 2 ) was received from Molecular Probes (USA), succinic acid and potassium dihydrophosphate were received from Reachim (Russia). Potassium hydroxide was a product of Standard (Poland). The hydrogen peroxide (30%) was from POCH S.A. (Poland). The highest purity methanol was from Fluka (Germany). The rCiP, HRP, Cat and hydrogen peroxide solutions were prepared in deionized water and concentrations of these substances were determined spectrophotometrically. For rCiP, HRP, Cat and hydrogen peroxide, the extinction coefficients are ε 405 = 109 mM -1 cm -1 [12] , ε 403 = 95 mM -1 cm -1 [16] , ε 280 = 150 mM -1 cm -1 [17] and ε 240 = 39.4 M -1 cm -1 [18] , respectively. Samples of 1-HP and AR were weighted and dissolved in methanol. The final concentration of methanol in the solutions for kinetic measurements was 2% (v/v).
Kinetic measurements and fluorescence quantum yield determination
The kinetic measurements were performed at 25 ± 0.1 o C in 1-cm thermostated quartz cuvette by using a computercontrolled Nicolet evolution 300 spectrophotometer (Thermo Electron Corporation, USA) and Aminco Bowman luminescence spectrometer (Thermo Electron The pK a values of rCiP forms were derived from independent measurements. The kinetic measurements were performed in sodium phosphate (33 mM), sodium borate (33 mM), and sodium carbonate (33 mM) mixture (p/b/c buffer solution pH 6.0-10.8) using 4.8 µM of 1-HP, 100 µM of H 2 O 2 , 11 pM of rCiP and 4.6 µM of AR, 100 µM of H 2 O 2 , 36 pM of rCiP.
The quantum yield of 1-HP in 5 mM phosphate buffer solution pH 8.0 was measured by comparing integral fluorescence of 1-HP and of quinine sulphate as a standard at 350-600 nm [19] . The fluorescence was normalized for absorbance of 1-HP and quinine sulphate, but was not corrected for spectral sensitivity of photomultiplier. The quantum yield of quinine sulphate in 0.1 M sulphuric acid solution was 0.58 at 22°C [20] .
Aeration of buffer solution
The buffer solutions were aerated using an electrical pump with communication tubes made of Teflon ® . The flow rate was measured with rotameter (Zach Metalchem, Poland). 5 mM phosphate buffer solution (volume 40 ml, layer thickness 3.5 cm) was bubbled with air through small holes of glass tube. The aeration was performed in a laboratory different from that in which the kinetic measurements took place. The time of the aeration was 0 -3 min at flow rate 1.0 L min -1 .
Calculations
The fluorescence of 1-HP was normalized to the initial 1-HP concentration. The product of AR oxidation (resorufin; Figure 2 ) was synthesized using 4.6 µM AR, 100 µM hydrogen peroxide and 0.2 nM rCiP in 2 ml phosphate buffer solution pH 8.0. The reaction was stopped by adding 30 nM of catalase after 8 min of incubation. The fluorescence of resorufin was measured by adding 40 µl of 4.6 µM of resorufin to 2 ml buffer solution with desired pH. 1-HP and resorufin were stable in all buffer solutions. The initial reaction rate was calculated as a slope of substrate or reaction product concentration change during 100 s -the initial linear portion of each recording.
The control experiments have shown that the rates of non enzymatic reaction are negligible. The dependence of the initial rate on the 1-HP or AR concentration was fitted by Michaelis-Menten equation and the apparent kinetics parameters V max and K m were obtained. The experimental values were obtained from triplicate assays. Mean values are depicted as data points, with standard deviation values.
The kinetics of peroxidase-catalyzed 1-HP oxidation was simulated according to the ordered bi-bi ping-pong scheme that is described in the introduction (eq. 1-3). According to this scheme the initial 1-HP oxidation reaction rate is [21] :
where [E] t , [AH 2 ] and [H 2 O 2 ] are the total concentration of peroxidase, substrate and hydrogen peroxide, respectively. The reduction rates of cpd I and cpd II are different [22] . Therefore, the limiting constant (k lim ) corresponding to a slower cpd I or cpd II reaction rate can be used; if k 3 > k 2 , k lim = k 2 ; if k 2 > k 3 , k lim = k 3 . Then the expression (eq. 4) can be simplified [21] :
This expression exposes Michaelis-Menten type equation, and k lim value can be calculated as:
where V max and K m is a maximal rate and an apparent Michaelis-Menten constant for substrate at fixed H 2 O 2 concentration.
The sensitivity (S) of H 2 O 2 detection was calculated from the dependence of the substrate oxidation rate on H 2 O 2 concentration:
To obtain the expression of the dependence of the initial 1-HP (eq. 8, 9) and AR (eq. 8, 10) oxidation rate on pH, the dependence of bimolecular constants k 1 and k lim on pH as function of pK 1 ', pK 1 , pK 2 and pK 3 were derived [23] :
where K 1 ' is the dissociation constant of single protonated ferriperoxidase; K 1 , K 2 and K 3 are the dissociation constants of triple, double and single protonated forms of cpd I (or cpd II), respectively; a equals the ratio of the activity of single and double protonated cpd I (or cpd II) forms.
Computer programs GraFit 3.01 and Mathcad 2001 Professional were employed for data processing. Figure 6 ). To achieve high sensitivity, the k lim value [24] . Since the k lim value of 1-HP oxidation comes close to diffusion limited reactivity, this substrate can be considered as a high reactive substrate. To achieve high sensitivity, the substrate should also show high quantum yield of fluorescence. The quantum yield estimated for 1-HP (0.66) is high. High constants of 1-HP oxidation, and high quantum yield of 1-HP fluorescence allowed this reaction to be used for measurement of low concentrations of H 2 O 2 .
Results and Discussion
Kinetics of 1-HP oxidation
The analysis of the dependence of the initial reaction rate of 1-HP peroxidase-catalyzed oxidation on hydrogen peroxide (0-107 nM) was performed at different values of pH in the range 5.0 to 7.0 at every 0.2 -0.3 and at pH value 8.0. It was noticed that the initial reaction rate of 1-HP catalytic oxidation increases with the increase in pH value (Figure 4 ).
Comparative measurements using Amplex Red
The 1-HP based system was compared with the system based on Amplex Red (AR) [9] . Peroxidase-catalyzed oxidation of AR was analyzed under the same conditions as the reaction of 1-HP. The apparent bimolecular constants of AR reactivity with rCiP and HRP enzymes were calculated as indicated above with exclusion of the stoichiometric coefficient 2 ( Table 1) . The results show that AR oxidation constants are less when compared to 1-HP constants. Especially large constant differences were found for the HRP-catalyzed process. This means that 1-HP is a better substrate than AR. However, AR oxidation product resorufin ( Figure 2) shows a slightly larger fluorescence quantum yield (0.75) in neutral and basic media [25] . In summary, 1-HP oxidation constants are higher in comparison to AR constants, but the quantum yield of 1-HP fluorescence is less in comparison to the quantum yield of resorufin fluorescence. The achieved parameters indicated that the precision of low hydrogen peroxide concentration detection methods, using either 1-HP or AR, should be comparable. This would allow the proposal that 1-HP can be used in sensitive hydrogen peroxide detection systems as an alternative to AR, which is widely used for hydrogen peroxide determination.
Analysis of the dependence of the initial reaction rate of AR peroxidase-catalyzed oxidation on hydrogen peroxide (0-107 nM) was performed at different values of pH as in the case of 1-HP. As in the 1-HP case, the initial reaction rates of AR catalytic oxidation increased with the increase of pH. These similar results for 1-HP and AR systems prompted further optimization by mathematical expressions.
The optimization of hydrogen peroxide detection systems using 1-HP and AR
To optimize the system of H 2 O 2 determination, 1-HP oxidation was modeled at steady-state conditions in the range of pH from pH 5.0 to pH 8.0 using eq. 5 and introducing pH dependence of the constants as described in eq. 8, 9. Equation 8 describes the dependence of bimolecular constants k 1 on pH. The pK 1 ' value for single protonated ferriperoxidase is equal to 4.9 ± 0.2 [12] . Equation 9 describes the dependence of bimolecular constants k lim on pH. The pK 1, pK 2 and pK 3 values for forms of cpd I (or cpd II) were derived from the dependence of the initial 1-HP oxidation rate catalyzed by rCiP on pH ( Figure 5A ) and were determined as 5.4 ± 0.5, 8.4 ± 0.7 and 10.4 ± 0.9. In Figure 5A , the solid line shows deconvoluted activity dependence on pH. Here, the single protonated enzyme form possesses 31.0 ± 3.0% activity (a) in comparison to the double protonated peroxidase form. The transfer of the third proton makes the enzyme completely inactive. Hence, the results of modeling show that the initial reaction rate of 1-HP catalytic oxidation increased with the increase of pH ( Figure 6A ). To optimize the system of H 2 O 2 determination, AR oxidation was modeled at steady-state conditions in the range of pH from pH 5.0 to pH 8.0 using eq. 5 and introducing pH dependence of the constants on pH as described in eq. 8, 10. Equation 10 describes the dependence of bimolecular constants k lim on pH in case of AR oxidation. pK 1 and pK 2 values were obtained by carrying out the same experiment as described previously with 1-HP ( Figure 5 ). In Figure 5B , the solid line associated with triangles shows the deconvoluted activity dependence on pH. It is possible to see that in the case of rCiP and AR the deprotonation of two groups at pH 6.2 ± 0.7 and 9.0 ± 0.9 are important for the enzyme activity ( Figure 5B) .
Dependence of the 1-HP and AR oxidation rate on H 2 O 2 and pH demonstrated similar behavior ( Figure 6 ): in acid medium (pH 5.0-5.5) the initial reaction rate of substrate oxidation slightly depends on hydrogen peroxide concentration; at pH 5.5-6.0 initial reaction rates become more sensitive to peroxide concentration, while above pH 6.0 the linear increase of the rate on H 2 O 2 concentration from 0 to 107 nM can be indicated.
The limit of detection (LOD) of H 2 O 2 determination was calculated as recommended by the American Chemical Society [26] and the International Union of Pure and Applied Chemistry (IUPAC) [27] . 
Practical application of the 1-HP oxidation system
In order to demonstrate a practical use for 1-HPbased H 2 O 2 determination, ozone concentration in the laboratory room was determined. Ozone was produced during illumination with a light of xenon lamp. The buffer solution was aerated by air containing ozone. The redox potential of ozone is 2.1 V [28] . It can oxidize water because the redox potential of water is equal to 1.8 V [28] , making a number of reactive compounds and including hydrogen peroxide formation [29] . The hydrogen peroxide in the aerated buffer solution was analyzed under the same conditions as described above. To estimate the presence of hydrogen peroxide in the aerated buffer solution, the oxidation of 1-HP was performed in the presence of 150 nM catalase. The results show that addition of catalase completely retards the 1-HP oxidation, i.e. stops the reaction. This indicates the presence of hydrogen peroxide in aerated buffer solution.
The dependence of the 1-HP initial oxidation rate on the aeration time increased linearly (Figure 8 ). It is possibly to calculate that 75 nM and 108 nM of H 2 O 2 were produced, after 0.5 and 1 min of aeration, respectively. The concentration of ozone in the laboratory room was 6 nM and 4.3 nM, assuming that all the ozone from the bubbled air dissolved in the buffer solution and was stoichiometrically converted to hydrogen peroxide. Ozone concentration depends on many factors including uncontrollable laboratory room ventilation.
Conclusions
In the present study, the kinetics of 1-HP oxidation catalyzed with rCiP and HRP was determined. The high reactivity and fluorescence quantum yield for 1-HP, allow us to use this reaction for determination of nanomolar hydrogen peroxide concentrations. We compared the 1-HP based system with the system based on AR, which is widely used for hydrogen peroxide determination. In order to explain the achieved results, the mathematical modeling and optimization of the 1-HP and AR initial oxidation rate dependence on hydrogen peroxide concentration and pH was performed. Similar results demonstrate the potential of 1-HP peroxidase-catalyzed oxidation for determination of nanomolar hydrogen peroxide concentration. 
